Inner hair cells (IHCs) are the primary receptors for hearing. They are housed in the cochlea and convey sound information to the brain via synapses with the auditory nerve. IHCs have been thought to be electrically and metabolically independent from each other. We report that, upon developmental maturation, 30% of the IHCs are electrochemically coupled in 'mini-syncytia'.
Introduction
The well-established neuron doctrine of Ramón y Cajal states that neurons operate as independent cellular entities that communicate at specific contact points, presently known as chemical and electrical synapses 1 . Although cell-cell fusion is a normal part of the development of several nonneuronal cell types, the reticular theory of Gerlach and Golgi stating that the nervous system is a single continuous network of neural cells is considered obsolete. However, several studies indicate that neural cells are capable of fusion both under physiological and pathological conditions. For example, direct neuron-neuron fusion has been reported in C. elegans 2 but, in the mammalian nervous system, the prevalence and possible physiological significance of neuronneuron fusion is less clear 3 .
In contrast, neural communication via gap junction (GJ)-coupling is well established 4 .
GJs are formed by connexins that connect the cytoplasm of two cells together and allow the propagation of electrical signals and molecules up to ~1 kDa in size 5 . Being at the core of electrical synapses, GJs are essential for synchronized spiking activity in the central nervous system 6 . In mammalian sensory systems, GJs play several important roles: GJ-coupling between retinal photoreceptors shapes visual sensitivity 7 , while in the olfactory system GJs contribute to the lateral excitation of mitral cells 8 .
In the cochlea, GJs between glial-like supporting cells (SCs) are critical for normal hearing, whereas inner hair cells (IHCs) are assumed to lack electrochemical coupling 9 . IHCs are the mechanosensitive receptors of hearing that transform sound born vibrations into electrical activity of the spiral ganglion neurons (SGNs). Each SGN is believed to innervate and receive input from a single IHC 10 . First steps of auditory sensory processing already occur in the cochlea:
Due to its tonotopical organization, SGNs innervating IHCs of the apical coil encode lowfrequency sounds, while those of the basal coil encode high-frequency sounds 11 . Here, we demonstrate that in rodents, approximately one third of IHCs undergo homotypic macromolecular and low-resistance electrical coupling upon cochlear maturation, putatively via IHC-IHC fusion.
The resulting IHC mini-syncytia form small receptive fields that pool signals and improve sensitivity and reliability of auditory coding, yet maintain its frequency resolution.
Results

Spread of dyes between rodent IHCs indicates macromolecular coupling
Coupling between IHCs was observed in two independent laboratories combining whole-cell patch-clamp recordings with fluorescence imaging of IHCs from apical (~4-8 kHz) and midcochlear (~10-16 kHz) regions in 2-13 week-old mice (C57BL/6J/6N and CD1 backgrounds; Fig.   1a ). The dye spread among IHCs was observable in a temporal bone preparation (Oregon-Green-Bapta-5N, OGB5N, ~1 kDa, Fig. 1b ,b') and in the excised organ of Corti (Lucifer yellow, LY, ~0.4 kDa, Fig. 1c,d,d' ). Likewise, a larger tetramethylrhodamine (TAMRA)-conjugated CtBP2 binding peptide (~4.4 kDa) diffused between IHCs ( Fig. 1e ; Movies S1-3). After retracting the pipette in another experiment, the TAMRA-peptide equilibrated among the coupled IHCs ( Fig.   1f ,f'). Metabolic coupling exists between IHCs as fluorescently labeled glucose diffused between them ( Fig. S1a ). Large fluorophore-conjugated antibodies (~150 kDa) also spread to coupled cells ( Fig. 1g; Fig. S1b ), indicating that the coupling mechanism, unlike GJs (size limit: ~1 kDa) 9 , supports the exchange of macromolecules. Moreover, IHC macromolecular coupling is not limited to mice, as spreading of TAMRA-peptide was also observed in low-frequency (~200-450 Hz) as well as high-frequency (~24-48 kHz) IHCs of 2-6-week-old Mongolian gerbils ( Fig. S2 ).
Therefore, rodent IHCs are capable of forming mini-syncytia in which the receptor cells undergo diffusional exchange of molecules. 
IHC coupling is established during late postnatal development
The prevalence of dye-coupling among mouse IHCs increased during postnatal IHC maturation ( Fig. 2a-c ). Shortly after hearing onset (P14-18) 12 only 2% of patched IHCs were dye-coupled ( Fig. 2a ). In mice aged P21-28, 6.6% of IHCs formed 'mini-syncytia' of up to 5 IHCs (Fig. 2b) .
In P30-45 mice, 29% of IHCs were coupled and the extent of the mini-syncytia (up to 7 IHCs, 
Low resistance electrical connections between coupled IHCs
Pharmacology rules out GJs and P2X7-dependent macropores as an IHC coupling mechanism
The ability of IHC coupling mechanism to support macromolecular and low RJ electrical connectivity strongly argues against well-established mechanisms such as GJs. To further confirm this, we tested whether several blockers of connexins can disrupt IHC coupling. Carbenoxolone (CBX) did not prevent IHC dye-coupling ( Fig. 4a ) nor changed the observed Cm values (Fig. 4b ).
Flufenamic acid and 1-octanol, also GJ blockers 13 , had no effect either ( Fig. S4 ). However, all three blockers reduced ICaMax, which likely reflects inhibition of Ca 2+ -channels [14] [15] [16] 
3D electron microscopy suggests IHC-IHC fusion as a coupling mechanism
To identify a structural basis for the mechanism of IHC coupling, we employed 3D electron microscopy. We focused our imaging on the perinuclear basolateral membranes of mouse IHCs that appeared to be in contact in more mature preparations (Figs. 5 and 6; Fig. S5 ; Movie S4). By performing focused ion beam-scanning electron microscopy (FIB-SEM), we found that SCs usually enwrapped P15/P16 IHCs ( Fig. 5a; Fig. 6d ). Nonetheless, filopodia-like IHC-protrusions occasionally contacted the neighboring IHC ("filopodial contact", Fig. 5a'; Fig. 6a,d ; Table S1 ).
This was further revealed at high resolution using electron-tomography of high-pressure frozen/freeze-substituted IHCs (Fig. 6b) . However, only one of these contacts appeared to harbor a putative IHC-IHC fusion site with plasma membrane continuity and a cytoplasmic bridge ( Fig.   S5a , Table 1 ) reminiscent of tunneling nanotubes 18 . At P34/37, SCs allowed extended membrane contacts between IHCs ("flat contacts", Fig. 5b; Fig.   6a ,c',d; Table S1 ; Movie S4). Some of these contacts featured putative fusion sites with cytoplasmic bridges that occasionally contained ribosomes (Fig. 5b',c; Fig. S5b ; Movie S5). The bridges measured, excluding one outlier, 27.9 ± 6.5 nm along the z-axis and 69.3 ± 20.6 nm in the xy-plane (n = 7 sites in P34/37 IHCs, Table 1 ). The low number and size of the detected putative fusion sites indicates that this process appears to be self-limiting. In contrast to IHCs, outer hair cells (OHCs) are well separated by SCs. Using serial block face-scanning electron microscopy we did not find direct contacts between P22 OHCs in 34 cases studied ( Fig. S6 ; Movie S6). Table 1 . Summary of the contact site quantification of the FIB-SEM datasets. Summary of the total number of contacts, of filopodial contacts, flat contacts and putative fusion sites as well as of their average length in z-plane. Note, that we excluded the putative fusion site depicted in Fig. 5c , from the statistics of the P34 data as an outlier, as the z-measurements of 535 nm clearly exceeds 1.5 times the interquartile range above the third quartile (75th percentile). Further, the maximum extent of the cytoplasmic bridge of putative fusion sites was measured in the xy-plane using 3dmod, as indicated in Table S1 , and averaged. For the age-group of P15/16 only 1 example for a fusion site was found and the respecting values are listed in the 
Collective synaptic activity in IHC mini-syncytia
In order to elucidate physiological consequences of IHC coupling, we performed spinning-disk confocal imaging of Ca 2+ -signals at the individual presynaptic active zones (AZs) in IHC-minisyncytia. To do so we loaded the mini-syncytium with the low-affinity Ca 2+ indicator Fluo-4FF, the TAMRA-conjugated CtBP2-binding peptide, and EGTA via the patch-clamped IHC. Under these conditions the Ca 2+ indicator fluorescence serves as a proxy of synaptic Ca 2+ influx [19] [20] [21] .
Depolarization of the patch-clamped IHC evoked Ca 2+ -signals at the TAMRA-marked AZs within the entire IHC-mini-syncytium ( Fig. 7) , likely activating dozens of postsynaptic SGNs. This indicates that SGNs innervating a certain IHC can be activated via the receptor potential shared in the IHC mini-syncytium. in SGNs (Fig. 8f,g, Fig. S7 ).
The model indicates that signal encoding by presynaptic Ca 2+ channel openings and postsynaptic AP rates in the cochlea is subtly improved when based on an input coming from SGNs driven by AZs of a mini-syncytium rather than AZs from non-coupled IHCs (see supplementary text 1 for details). For example, Ca 2+ channel gating is more representative of the mechanical input in coupled than in non-coupled IHCs (Pearson correlation coefficient: 0.88 for coupled IHCs vs. 0.82 for non-coupled IHCs). Additionally, coincidence signal detection in the CN was also slightly improved (2-3%, Fig. S8; Supplementary text 1) . are Pearson correlation coefficients rp, averages of correlations between pairs of traces from two different IHCs. In parenthesis are the average correlations between the IHC parameter and the sinusoidal stimulus. For those correlations, time lags of 0.3 ms for the voltage and 0.5 ms for the Ca 2+ -channels are compensated for. Abbreviation: AP, action potential; IHC, inner hair cell.
Figure. 8. Electrical IHC coupling coordinates Ca
IHC coupling does not degrade frequency resolution of cochlear sound encoding
While IHC coupling appears to be beneficial for sound signal encoding, the fusion of the mechanoreceptive fields of each individual IHC into a larger shared field may lead to poorer sound frequency resolution. To evaluate the effects of IHC coupling on frequency resolution, we estimate that the broadest observed mini-syncytium (9 IHCs) covers approximately 1.29% of the length of the cochlea or 0.06 octaves (see Fig. S9 and Supplementary Text 2 for details). This is less than the physiological estimates of frequency resolution at the level of the basilar membrane (0.17 octaves at the 50-56 kHz region 23 ) and auditory nerve fibers (0.37 octaves at the 12 kHz region 24 ) of the mouse cochlea. For the human cochlea, we estimate that a single IHC covers approximately 3 cents on the tonotopic map of the mid-cochlear quarter of a turn. By assuming that the observed coupling of rodent IHCs also occurs similarly in humans and the whole cochlea is hypothetically formed by tiles of IHC mini-syncytia with the average size of 3 IHCs, the best possible frequency resolution would be 9 cents. This is remarkably close to the lowest psychophysical estimates of frequency resolution (7 cents 25 ). Therefore, the low prevalence and small size of mini-syncytia avoids trading off frequency resolution against detection sensitivity.
Discussion
The prevalent view on cochlear sound encoding pictures IHCs as single receptor units that provide sampling of the mechanical stimulus with the highest frequency resolution. In addition, each SGN is believed to receive sensory information from a single IHC. Our results challenge the above What are the molecular mechanisms of the putative IHC-IHC membrane fusion and how could this be limited in space and frequency? We find that the IHC coupling is slowly established after the initiation of hearing function in mice, reaching the prevalence of 30% P30-P45 IHCs forming mini-syncytia consisting of 3 IHCs in average, up to 9 IHCs. We speculate that IHC coupling is a developmentally regulated process, driven by IHC-specific fusogenic machinery, which can take action more efficiently once SCs partially retract from between IHCs. While the identification of the critical molecular components of the machinery regulating such fusion is beyond the scope of the present study, future work could consider manipulating the function of myosin X 26 expressed in IHCs 27 . Additionally, other molecules involved in the formation of tunneling membrane nanotubes might also operate in putative IHC-IHC membrane fusion.
As cell fusion has been reported to occur in neural cells upon cellular damage 3 and our data have been obtained from ex vivo preparations of the cochlea, artefactual IHC fusion needs to be considered. Several lines of evidence argue against tissue damage as the cause of IHC coupling.
Cell injury related to tissue handling would be expected to also induce fusion of IHCs to SCs. As we never observed dye spread from IHC to SCs, the molecular coupling is specific to IHCs (homotypic coupling). IHC recordings revealing Ca 2+ current amplitudes worth multiples of the single IHC Ca 2+ current were also observed 20 mins post-mortem in the perforated patch clamp configuration without removing the contacting SCs. Therefore, IHC coupling was not simply induced by potential cellular stress associated with rupturing the cell membrane and removing adjacent structures. Ca 2+ currents as well as resting currents, both sensitive parameters reflecting cell health, were not significantly different between non-coupled IHCs of P21-28 and P30-45.
This argues that increased probability of IHC coupling in the more mature preparation does not reflect compromised IHC health in the older preparations. In a temporal bone preparation, which require little dissection of the cochlea and maintains its integrity in a near-physiological state, IHC coupling was observed 15 mins post-mortem. Moreover, during up to one-hour long patch clamp recordings we never observed an IHC spontaneously becoming coupled to a previously non-coupled neighboring IHC. This indicates that ex vivo conditions as artificial as a long-lasting ruptured-patch recording do not readily induce IHC coupling. Direct demonstration that IHC coupling exists in vivo is a challenging task, as cell-level recording and imaging methods typically require the opening of the cochlea. Therefore, new approaches will be required to probe IHC coupling in vivo.
The physiological implications of IHC coupling
What then are the physiological implications of IHC mini-syncytia interspersed between noncoupled IHCs along the tonotopic axis of the organ of Corti? Coupling into mini-syncytia confers considerable advantages for sharing of metabolites and potentially even organelles between cells.
As adult mammals cannot regenerate functional IHCs, IHCs must survive and remain functional for a lifetimeotherwise sensorineural hearing loss develops. By being able to share metabolites and a joint Ca 2+ -buffering capacity, coupled IHCs can potentially withstand higher levels of cellular stress than a single IHC alone. On the other hand, initiation of cell death processes in one of the coupled IHCs puts all of them in danger if the macromolecular coupling cannot be terminated. Future studies should test the implications of IHC coupling to cell survival.
Beyond the advantage for IHCs, our study indicates that coupling also benefits the sound encoding by SGNs. Patch-clamp combined with Ca 2+ imaging demonstrated a collective response of the presynaptic AZs within the IHC mini-syncytium. While the activation time course of the collective Ca 2+ current suggests minimal if any temporal delays in recruiting the AZs, scrutinizing the synchrony of synaptic transmission in future experiments remains an important task.
Regardless of the degree of synchrony, for slowly fluctuating stimuli the shared receptor potential would govern the release at all AZs. Then, a single SGN encodes information on mechanical stimuli sensed and averaged across the IHCs of the mini-syncytium, even though it receives transmission only from one AZ of one IHC. A coupled IHC with stereociliar damage could still be driven by the shared receptor potential of the mini-syncytium, such that the SGNs postsynaptic to this IHC can contribute to sound encoding provided a fit neighbor.
Comparing sound encoding in conditions with and without the coupling described here for rodent IHCs will be instrumental to experimentally probe the advantage predicted by the computational model ( Fig. 8) . Ideally, such studies could be performed in the same species, e.g.
in mice with genetic disruption of IHC coupling and will help to validate the notion that the low prevalence and small size of mini-syncytia avoids degradation of the frequency resolution of sound coding. Beyond this, the possible existence in other mammals remains to be studied. For example, it will be interesting to see whether IHCs inside the "acoustic fovea" of certain mole rats 28 , owls 29 , and echo-locating bats 30 are coupled; proposing an additional cellular candidate mechanism for this enigmatic phenomenon.
